This prospective, randomised study was conducted to assess the effect of flexible laryngeal mask airway (FLMA) size on oropharyngeal leak pressure (OLP) in children at the recommended intracuff pressure. A total of 120 children undergoing elective ophthalmic surgery were randomly assigned to the size 2 FLMA group or size 2.5 FLMA group. The primary measurement was OLP at an intracuff pressure of 40 cmH 2 O. Secondary outcomes included the incidence of OLP <10 cmH 2 O, insufficient ventilation, gastric insufflation, insertion time, successful first-attempt insertion rate, fibreoptic view grade and pharyngolaryngeal adverse events. The median OLP was comparable for the size 2 and size 2.5 FLMA (18 cmH 2 O versus 18 cmH 2 O, P=0.38). However, the size 2 FLMA group had a higher incidence of OLP <10 cmH 2 O and insufficient ventilation (13.3% versus 0, P=0.006). In subgroup analyses based on weight, the size 2.5 FLMA had a lower occurrence of OLP <10 cmH 2 O and insufficient ventilation (27% versus 0, P=0.0046) in children 16-20 kg. We conclude that at a 40 cmH 2 O intracuff pressure, the OLP with the size 2 and size 2.5 FLMA was similar in children weighing 10-15.9 kg. However, in children weighing 16-20 kg, size 2 devices had a higher incidence of low OLP and insufficient ventilation, so a 2.5 FLMA may be preferable in this subgroup.
Introduction
Selection of an appropriately sized laryngeal mask airway (LMA) is critical to ensure safe and effective use of the device. A few factors should be considered when choosing an appropriate size. First, the LMA should provide a sufficiently high oropharyngeal leak pressure (OLP) to permit positive pressure ventilation. Second, the LMA should not produce excessive pressure on the pharynx. Third, the LMA should not be too large or too small to insert.
Manufacturers recommend using a size 2 LMA for children weighing 10-20 kg 1 . In addition to weight, other variables such as sex 2 , height 3 and age 4 should also be considered when selecting an LMA size, as these affect the size of the oropharyngeal cavity. For instance, the average weight of a 6-year-old child is approximately 20 kg, whereas a two-yearold child weighs about 12 kg, but the recommended LMA size would be the same. Moreover, Loke et al 5 reported that a size 2 LMA, but not a size 2.5 device, was associated with a low OLP (<10 cmH 2 O) at a cuff pressure of 60 cmH 2 O. We thus speculated that 10-20 kg is an excessively wide range and that LMA size selection should be based on a narrower weight range: size 2 LMA for children weighing 10-15.9 kg and size 2.5 LMA for children weighing 16-20 kg.
Higher intracuff pressures might increase OLPs. However, higher cuff pressures may cause adverse pharyngeal events. The optimal intracuff pressure for children has been accepted as 40 cmH 2 O 6 . Herein, we conducted a prospective, randomised study to guide selection of LMA size in children weighing 10-20 kg at the recommended intracuff pressure of 40 cmH 2 O.
Methods
After obtaining approval from our Hospital Ethics Committee (Shanghai Eye, Ear, Nose, and Throat Hospital; 2014036) and written informed consent from the parents or legal guardians, we studied 120 paediatric patients weighing 10-20 kg and between 22 and 84 months of age, who underwent elective ophthalmic surgery between March 2014 and December 2014 (trial registry identifier, ChiCTR-TRC-14005226). All patients had an American Society of Anesthesiologists physical status rating of I or II and were kept nil per mouth for a minimum of six hours before induction of anaesthesia. The children were randomly assigned to receive a size 2 or size 2.5 flexible LMA (FLMA) (LMA Flexible TM , The Laryngeal Mask Company Limited, Henley-on-Thames, UK) for airway management. The size of FLMA used for each child was determined by randomisation using a computer-generated table and placed in an opaque envelope by the study investigator not involved in the trial. The envelope was opened shortly before device insertion. Patients with lung disease, known airway problems, upper respiratory tract symptoms or any condition that may increase the risk of gastro-oesophageal regurgitation were excluded.
After standard monitors were applied, anaesthesia was induced using a standardised protocol of propofol 5 mg/kg and fentanyl 2 µg/kg, and LMA insertion was facilitated with mivacurium 0.25 mg/kg. Anaesthesia was maintained with inhalation of 1.0 minimum alveolar concentration of sevoflurane in oxygen and air (FiO 2 0.5). Nitrous oxide was not used because of its potential to diffuse into the FLMA cuff and thereby increase the intracuff pressure.
The FLMAs were completely deflated and lubricated with a water-based gel before insertion. After confirming disappearance of a motor response to peripheral nerve stimulation, the FLMA was inserted by one of three experienced anaesthetists using the index finger insertion technique as per the manufacturer's instructions. The FLMAs were fixed by taping the tube over the chin, and the cuff was inflated with air to 40 cmH 2 O, which was confirmed by manometry (VBM, Medizintechnik, Suiz, Germany). The OLP, time to successful insertion, successful insertion rate on the first attempt and grade of fibreoptic view were measured by an observer blinded to the patient's group assignment. The OLP was determined by the method described by Lopez-Gil et al 7 . Specifically, with the child's head in a neutral position, OLP was measured by closing the expiratory valve of the circle system at a fixed gas flow of 3 l/minute, recording the airway pressure at which equilibrium was reached. The maximum permitted pressure was 30 cmH 2 O to avoid barotrauma. Gas leakage was evaluated at the mouth (by detecting an audible sound) and stomach (by epigastric auscultation). The time to successful insertion was measured from the time of facemask removal until the time at which bilateral chest expansion was observed. Insertion failure was defined as unsuccessful placement of the device after three attempts or lack of square-wave capnography during positive pressure ventilation. The fibreoptic view was assessed by fibreoptic bronchoscopy through the LMA and graded as follows: 1, vocal cords not seen; 2, vocal cords and anterior epiglottis visible; 3, vocal cords and posterior epiglottis visible; and 4, only vocal cords visible 8 .
Pressure-controlled ventilation (Dräeger Fabius, Lübeck, Germany) was initiated to reach an expiratory tidal volume of 8 ml/kg. If the OLP was lower than 10 cmH 2 O and a tidal volume of 8 ml/kg could not be achieved, the anaesthetist was allowed to insert another type or size of LMA or a tracheal tube to ensure effective ventilation. Any instances of FLMA failure during maintenance of anaesthesia were recorded.
At the time of device removal, the children were in a deep plane of anaesthesia. Complications such as coughing, laryngospasm, bronchospasm, desaturation (SpO 2 <90%), gastric insufflation and bloodstaining of the LMA were recorded. To document any postoperative complications, including dysphonia, dysphagia, cough, or stridor, all patients were assessed in the recovery area by a blinded observer and received a telephone call on the day after surgery by a nurse not involved in the study.
In our pilot study of 20 children, we found that the OLP was 17.8 (standard deviation, SD 9.0) cmH 2 O with a size 2 FLMA at an intracuff pressure of 40 cmH 2 O. Using this value, an alpha of 0.05, and a desired power of 0.8, we estimated that 52 subjects per device would be needed to detect a significant OLP difference of 20% between the size 2 FLMA and size 2.5 FLMA groups. We therefore enrolled 120 children (60 in each group) to allow for possible exclusions. Statistical comparisons between the devices were performed using unpaired Student's t-tests for continuous data, chi-squared tests for categorical data, and Mann-Whitney U tests for ordinal data. P <0.05 was considered statistically significant.
Results
A total of 120 paediatric patients (60 in each group) were enrolled in and completed the study. Figure 1 represents the enrolment data for this study. The children's characteristics are shown in Table 1 . There were no statistically significant differences between the two groups with regard to age, gender, weight, height and body mass index.
Comparative data between the two devices are listed in Table 2 . With an intracuff pressure of 40 cmH 2 O, there were no statistically significant differences in OLP, insertion time, successful insertion rate on the first attempt and fibreoptic view between the two groups. However, eight children in the size 2 FLMA group had an OLP <10 cmH 2 O, whereas no child in the size 2.5 FLMA group had a low OLP (13.3% versus 0, P=0.006). More children achieved sufficient ventilation (tidal volume of 8 ml/kg) with a size 2.5 FLMA than with a size 2 FLMA (100% versus 87%, P=0.006). The eight children in whom sufficient ventilation was not achieved were the same children with a low OLP. In these children, the size 2 devices were replaced by size 2.5 devices, which resulted in sufficient ventilation in all cases. One child in the size 2.5 FLMA group developed visible gastric insufflation during ventilation, and Values are median (range) or number. BMI = body mass index; FLMA = flexible laryngeal mask airway. Values are presented as median (range) or number (percentage). OLP = oropharyngeal leak pressure, CI = confidence interval, s = seconds. a size 2.5 Supreme LMA™ (Teleflex Medical, Co Westmeath, Ireland) was inserted to release the excess gastric gas ( Table  2 ). The results of subgroup (based on the median weight) analysis of OLP and the incidence of OLP <10 cmH 2 O and insufficient ventilation are presented in Table 3 . In children weighing 10-15.9 kg, the OLP was comparable between the size 2 FLMA and size 2.5 FLMA groups. No child exhibited an OLP <10 cmH 2 O or insufficient ventilation. However, in children weighing 16-20 kg, the OLP was lower with a size 2 FLMA than with a size 2.5 FLMA: in the size 2 FLMA group, the median and range were 18 cmH 2 O and 6-26 cmH 2 O, whereas in the size 2.5 FLMA group, the median and range were 19 cmH 2 O and 13-26 cmH 2 O (P=0.048). Eight children had an OLP <10 cmH 2 O and insufficient ventilation with a size 2 FLMA, but none had a low OLP or insufficient ventilation with a size 2.5 FLMA (27% versus 0, P=0.0046, for both outcomes) ( Table 3 ).
There were no instances of device failure during maintenance of anaesthesia or conversion to a tracheal tube. No bloodstaining was seen on the FLMAs. No oxygen desaturation, laryngospasm or coughing was noted. No cough, dysphonia, dysphagia or stridor was noted during the follow-up evaluations.
Discussion
Our main findings were that in children weighing 16-20 kg with an FLMA intracuff pressure of 40 cmH 2 O, the OLP was significantly lower and the incidence of OLP <10 cmH 2 O was significantly higher with size 2 FLMAs compared to size 2.5
FLMAs (27% versus 0). There was, likewise, a significantly higher incidence of inadequate ventilation with size 2 FLMAs compared to size 2.5 FLMAs in this weight group. By contrast, for children weighing 10-15.9 kg, there were no differences in OLP or rate of inadequate ventilation between FLMA groups.
With an intracuff pressure of 40 cmH 2 O, Jagannathan et al 9 reported that the mean OLP was 17.7 cmH 2 O for the LMA Unique™ (Teleflex Medical, Co Westmeath, Ireland) and 17.2 cmH 2 O for the LMA Supreme. Zhang et al 10 found that the OLP was 18 cmH 2 O in adults with the LMA Supreme. In the current study, we found similar results: the median OLP was about 18 cmH 2 O in children with the size 2 and size 2.5 FLMA.
Asai et al 11 found that larger LMAs were more likely to provide an airtight seal in adults. Loke et al 5 stated that using a size 2.5 LMA ('up-sizing') provided a better fit than a size 2 LMA in children weighing 10-20 kg. In our study, we did not detect an increase in OLP with the size 2.5 FLMA compared to the size 2 device. Three reasons may account for the discrepancy between our results and previous results. First, we assessed the OLP at an intracuff pressure of 40 cmH 2 O rather than at 60 cmH 2 O, which was used by Loke et al 5 . Increased intracuff pressure of LMAs can result in an increased OLP 10 . Second, Loke et al 5 conducted a crossover study, whereas ours was a randomised, comparative study. Third, our sample size may have been insufficient to detect a statistically significant difference between the two sizes. However, we found that in children weighing 16-20 kg, size 2.5 LMAs were associated with a higher OLP than size 2 devices.
Although a size 2 LMA is recommended by the Table 3 Comparative data for the size 2 and 2.5 flexible laryngeal mask airway in children weighing 10-15.9 manufacturer for children weighing 10-20 kg 1 , the size of the oropharyngeal cavity is the key point in determining the appropriate size of an LMA 4 . Loke et al 5 found that the incidence of OLP <10 cmH 2 O was 9% with a size 2 LMA, but zero with a size 2.5 LMA, in children weighing 10-20 kg. In our study, with an intracuff pressure of 40 cmH 2 O, eight children (13.3%) in the size 2 FLMA group had an OLP <10 cmH 2 O and failed to reach an expiratory tidal volume of 8 ml/kg during pressure-controlled ventilation. This was corrected by replacement with a size 2.5 FLMA. The mean weight of those eight children was 17.9 kg. These findings, therefore, suggest that 10-20 kg might be an excessively wide range, and that LMA size selection should be based on a more restrictive weight range: size 2 for children weighing 10-15.9 kg and size 2.5 for those weighing 16-20 kg. Further studies are warranted to confirm this hypothesis. Experienced practitioners can usually insert an LMA within 20 seconds, with a success rate of 98% 12 . High first-attempt success rates have been reported in several studies [12] [13] [14] . Our results are consistent with these previous findings. The median insertion time was 18 seconds, and the rate of successful insertion on the first attempt was 100% in both groups. Oropharyngeal leak pressure is an indicator of the degree of airway protection, success of LMA placement and ability to successfully provide positive pressure ventilation. A higher OLP can be achieved by increasing the intracuff pressure of an LMA 10 . However, several previous studies demonstrated that LMA intracuff pressures were closely associated with an increased risk of postoperative pharyngolaryngeal adverse events [15] [16] [17] . In children, the optimal intracuff pressure for the first-generation LMA was shown to be 40 cmH 2 O 6 . Wong et al 17 demonstrated that when the intracuff pressure was <40 cmH 2 O, no episodes of sore throat were reported in children. In our clinical practice, we limit the intracuff pressure to a maximum of 40 cmH 2 O by routine use of manometry in order to avoid damage to the pharyngolaryngeal soft tissue in paediatric patients. The lack of pharyngolaryngeal complications in our current study supports this practice.
Several limitations existed in our study. First, all enrolled children had normal airways and lungs. Our findings may, therefore, not apply to children with abnormal upper airways or poor lung compliance. Second, the children were within the normal weight range for the 22-to 84-monthold paediatric population, so our findings may not apply to overweight or underweight children, as described by Kim et al 18 . Third, we confined our study to FLMAs. The LMA Classic™ (Teleflex Medical, Co Westmeath, Ireland) has been widely studied [13] [14] 19 . Second-generation supraglottic airway devices, such as the LMA Proseal™ (Teleflex Medical, Co Westmeath, Ireland) and LMA Supreme, have a built-in drain tube for gastric access, which was designed to improve airway protection and airway leak pressure. However, these devices may not provide convenient access for ophthalmic surgery because of the short length of their tube. Fourth, the sample size may have been too small to provide sufficient power to detect small differences in OLP between groups. Fifth, we did not measure the abdominal circumference before and after surgery, and we evaluated gastric insufflation at the end of surgery by visual inspection alone. Sixth, the study was conducted by three experienced anaesthetists, so the results may not be applicable to situations involving less experienced practitioners. Seventh, the intraoperative observer was not completely blinded.
Conclusion
In conclusion, compared to the size 2 FLMA, the size 2.5 FLMA did not increase the OLP, but it prevented the occurrence of an OLP <10 cmH 2 O and reduced the likelihood of insufficient ventilation in children weighing 10-20 kg at an intracuff pressure of 40 cmH 2 O. In children weighing 10-15.9 kg, both size 2 and size 2.5 FLMAs provided adequate OLP and ventilation. Our findings indicate that at a 40 cmH 2 O intracuff pressure, the OLP with the size 2 and size 2.5 FLMA is similar in children weighing 10-15.9 kg. However, in children weighing 16-20 kg, size 2 devices have a higher incidence of low OLP and insufficient ventilation, so a 2.5 FLMA may be preferable in this subgroup.
